Plasma immersion ion implantation and deposition ͑PIII-D͒ offers a non-line-of-sight fabrication method for various types of thin films on steels to improve the surface properties. In this work, titanium films were first deposited on 9Cr18 ͑AISI440͒ stainless bearing steel by metal plasma immersion ion implantation and deposition ͑MePIII-D͒ using a titanium vacuum arc plasma source. Afterwards, carbon implantation and carbon film deposition were performed by acetylene (C 2 H 2 ) plasma immersion ion implantation. Multiple-layered structures with superior properties were produced by conducting Ti MePIII-D ϩ C 2 H 2 PIII successively. The composition and structure of the films were investigated employing Auger electron spectroscopy and Raman spectroscopy. It is shown that the mixing for Ti and C atoms is much better when the target bias is higher during Ti MePIII-D. A top diamond-like carbon layer and a titanium oxycarbide layer are formed on the 9Cr18 steel surface. The wear test results indicate that this dual PIII-D method can significantly enhance the wear properties and decrease the surface friction coefficient of 9Cr18 steel. © 2003 American Vacuum Society. ͓DOI: 10.1116/1.1531136͔
INTRODUCTION
9Cr18 ͑AISI440͒ steel is a popular ball-bearing material due to its good mechanical properties and corrosion resistance. Industrial ball bearings typically consist of steel components and liquid lubricants or greases are used for lubrication. Alternative approaches to address the lubrication of these moving components have been suggested. 1 A common technique is to deposit a hard coating on the steel component to protect against wear and provide low friction. Many different types of hard coating materials have been proposed including diamond-like carbon ͑DLC͒ as well as carbides and nitrides of various elements ͑TiN, TiC, WC, etc.͒. Several techniques have been developed to deposit these hard coatings, such as sputtering, [2] [3] [4] [5] [6] vacuum arc deposition, 7, 8 plasma assisted chemical vapor deposition, [9] [10] [11] ion beam assisted deposition ͑IBAD͒, 12, 13 and pulsed laser deposition. 14, 15 Compared to these conventional techniques, plasma immersion ion implantation ͑PIII͒ 16 -19 is unique in that it can be conducted as ion beam assisted deposition in a non-lineof-sight fashion when carried out under the proper conditions. It is thus ideally suited for the fabrication of conformal films on nonplanar or complex-shaped industrial components such as ball bearings. Metal plasma immersion ion implantation and deposition ͑MePIII-D͒ is a deposition technique combining metal film deposition using a vacuum arc plasma source with the immersion characteristics of PIII. [20] [21] [22] [23] Much attention is being paid to the deposition of DLC films using PIII of a hydrocarbon gas (C 2 H 2 , CH 4 , etc.͒ 24 -29 or nonhydrogenated DLC films using MePIII-D. 22, 30, 31 TiN or TiC films deposited on steels by PIII and MePIII-D to improve surface properties such as wear, friction, and corrosion have also been reported. [32] [33] [34] [35] In this work, we combine gaseous C 2 H 2 PIII with titanium MePIII-D using a vacuum arc plasma source in an effort to obtain a hard coating exhibiting more superior properties. Our results indeed show that a film with a multiple-layered structure formed on the 9Cr18 steel exhibits significantly improved wear resistance and frictional properties.
EXPERIMENT
Industrial grade 9Cr18 steel samples ͑composition in wt. %: Fe-79.655, Si-0.8, Mn-0.72, P-0.035, S-0.03, C-0.96, and Cr-17.8͒ in the quenched-and-tempered state were used in the experiments. The samples were ground and mechanically polished to a mirror-like surface followed by an ultrasonic clean in acetone. The experiments were carried out in a multipurpose plasma immersion ion implanter. 36 The machine is equipped with several plasma generating tools, including rf discharge, hot filament discharge, and vacuum ͑or cathodic͒ arc metal plasma sources. Hence, MePIII-D and gaseous PIII could be conducted consecutively in the same instrument without breaking vacuum. The base pressure of the vacuum chamber was 5ϫ10 Ϫ4 Pa. Before PIII, the 9Cr18 samples were cleaned for 15 min using argon rf plasma sputtering by applying a bias of -8 kV to the samples. A titanium plasma was created by a vacuum arc discharge and the metallic plasma was introduced into the chamber through a curved magnetic field guide duct to remove deleterious macroparticles. 37, 38 The samples first underwent titanium MePIII-D for 20 min under processing conditions shown in Table 1 . In the MePIII-D experiments, the target bias pulse width was only 30 s and much less than the vacuum arc pulse duration of 230 s. Hence, titanium ion implantation and titanium film deposition took a͒ Author to whom correspondence should be addressed; electronic mail: paul.chu@cityu.edu.hk place sequentially. Sample 1 was biased to Ϫ6 kV, but the bias applied to sample 2 was higher ͑Ϫ25 kV͒ in order to investigate the effects of ion mixing under different ion bombardment voltages. It is well known that the metal plasma formed in a vacuum arc discharge typically have ion charge states greater than unity. The charge state distributions of the ions in vacuum arc plasmas have been well investigated, 21, 39 and the distributions remain basically constant under a wide range of conditions. The ratio of Ti 1ϩ , Ti 2ϩ , and Ti 3ϩ is 11:75:14 and the mean charge state is 2.1. Hence, the average incident energy of Ti ions can reach 52.5 keV when the applied bias is 25 kV. Afterwards, C 2 H 2 gas was introduced into the vacuum chamber, and a 200 W rf was applied to the antenna inside the vacuum chamber to ignite the plasma. C 2 H 2 PIII was conducted under the conditions displayed in Table I . The processing time was also 20 min. The titanium MePIII-D and C 2 H 2 PIII cycle was repeated three times on the two 9Cr18 samples. The substrate temperature was not measured in situ during this PIII-D processing. However, the sample temperature was measured using an in situ thermocouple in previous TiN PIII-D experiments using very similar vacuum arc and bias conditions, 35 and the sample temperature was observed to remain at about 230°C after 30 min for a treatment at 23 kV. As heat losses at a high temperature are more substantial, the substrate temperature during the present process should not be much higher than this temperature in spite of the longer processing time.
During titanium MePIII-D and C 2 H 2 PIII and when no sample bias was applied, condensation of the titanium plasma or deposition of carbon atoms took place on the substrate surface. When a sample bias was applied, a sheath rapidly formed around the substrate through which the plasma ions ͑Ti or C ions͒ were accelerated towards the substrate, thereby accomplishing ion implantation at an energy determined by the bias voltage and ion charge state. These energetic ions accelerated from the plasma collided with previously deposited particles on the substrate surface to result in recoil implantation. The process caused significant Ti and C atomic mixing at the interface thereby enhancing film adhesion.
The coefficient of friction was measured using a ball-ondisk wear tester equipped with a 6 mm diameter silicon nitride ball. The wear tests were conducted using a load of 50 g and sliding speed of 1.5ϫ10 Ϫ3 m/s. The resulting wear tracks were inspected using an optical microscope. The surface structure of the treated samples was determined by Raman spectroscopy, and Auger electron spectroscopy ͑AES͒ was employed to acquire the elemental depth profiles.
III. RESULTS AND DISCUSSION
Figures 1͑a͒ and 1͑b͒ depict the elemental depth profiles acquired from samples 1 and 2, respectively, by Auger electron spectroscopy. The average sputtering rate was about 30 nm/min based on crater depth measurements. However, since different materials tend to sputter at different rates, the profiles are depicted here on a sputtering time scale in order to avoid overinterpretation of the film thickness. A carbon film with an estimated thickness of 75 nm is found on the surface of both of the treated samples, and it is expected because they underwent similar C 2 H 2 PIII processing in the last step. However, the other layers in the two samples are very different. In sample 1, there are three apparent carbon peaks ͑in-cluding the surface carbon layer͒ and three titanium peaks in the elemental profile corresponding to the three processing ͑titanium MePIII-D ϩ C 2 H 2 PIII͒ cycles. The total deposited film thickness is about 670 nm. In comparison, no obvious demarcation of the three processing cycles can be observed from sample 2, and the second layer is only a titanium oxycarbide film with a thickness of about 380 nm. Moreover, the thickness of the entire deposited film is only about 450 nm. The differences in the two treated samples are caused by the different target bias during titanium MePIII-D. First, the higher target bias during titanium MePIII-D introduces more sputtering and thus a lower titanium deposition rate. As a result, the deposited film on sample 2 is thinner. Second, the lower target bias gives rise to lower ion incident energy. For titanium vacuum arc plasma, with an ion main charge state of 2.1, the average implantation energy is 12.6 keV when the bias voltage is 6 kV ͑sample 1͒. The Ti projected range into carbon is about 12 nm at this energy based on TRIM calculation. If it is assumed that the deposited carbon layer of each C 2 H 2 PIII cycle is equal to 75 nm ͑75 nm is the carbon layer thickness of the last cycle, and in fact, the former deposited carbon layer may be thinner because of sputtering by titanium ions during titanium MePIII-D in the next cycle͒, an unmixed region may exist within the carbon film. In C 2 H 2 plasma, the ions are predominately C 2 H 2 ϩ . The projected range of C 2 H 2 ϩ into titanium is about 43 nm for an energy 25 keV. Hence, an unmixed titanium layer also exists because the titanium film thickness is about 150 nm for each titanium MePIII-D step according to Fig. 1͑a͒ . Since thermal diffusion is not substantial at the processing temperature, clear demarcation of the three processing cycles can be observed from sample 1. On the other hand, when the target bias is 25 kV during titanium MePIII-D of sample 2, the average implantation energy is 52.5 keV under which the projected range of Ti into carbon is 39 nm. In fact, in titanium plasma, the ion charge states are about 11% Ti ϩ1 , 75% Ti ϩ2 and 14% Ti ϩ3 . About three-fourths of the Ti ions are in the ϩ2 charge state, corresponding to an implantation energy of 50 keV when the target bias is 25 kV. In addition, about 14% Ti 3ϩ ions exist in the titanium plasma with incident energy of 75 keV under the same bias condition. Therefore, the Ti ion penetration depth is larger and results in more effective ion mixing. According to Fig. 1͑b͒ , the estimated thickness of the carbon and titanium layers for each processing step are 75 and 85 nm, respectively. Consequently, ion implantation during C 2 H 2 PIII and titanium MePIII-D result in mixed C and Ti atoms throughout the film, and no obvious demarcation of the three processing cycles can be observed in sample 2. In the two treated samples, there is an interfacial region between the film and substrate arising from the ionimplanted region of the substrate. This implanted region will increase the film adhesion strength due to the ion penetration into the substrate resulting in atomic mixing between the film and substrate.
The elemental depth profiles reveal a high oxygen concentration in the TiC film, and in fact, it appears to be a titanium oxycarbide film. It can be attributed to residual oxygen and water vapor in our PIII chamber and the very high chemical affinity of oxygen to Ti. A large oxygen content has been observed in dual source metal plasma immersion ion implantation and deposition of titanium carbide films at a pressure of 10 Ϫ3 Pa and it has been suggested that the oxygen atoms are incorporated into the TiC lattice. 32 Moreover, a large amount of incorporated oxygen has been observed in TiN deposition and titanium and nitrogen PIII employing the same experimental system as the one used here. [33] [34] [35] 38 Schneider et al. 40 recently investigated the vacuum arc plasma composition of a pulsed Au arc in a high-vacuum ambient (2ϫ10 Ϫ6 Torr͒ and showed that the content of ionized nonmetal species (O ϩ , H ϩ , N ϩ ) was as high as 22 at % in the presence of a guiding magnetic field in the duct due to ionization of residual gases such as water, oxygen, and nitrogen. The vacuum chamber used in this work is large ͑1 m in diameter and 1.2 m tall͒, and so residual gases or gases absorbed onto the wall surfaces may be quite abundant. In addition, our vacuum arc source is equipped with a magnetic filtering duct and guiding magnetic field. Therefore, it is not surprising that the observed oxygen content in the deposited film is large. In the AES data acquired from sample 1, the oxygen content goes up with increasing titanium concentration, further showing that the oxygen atoms are introduced during titanium MePIII-D.
Raman spectroscopy is widely used in the characterization of DLC and amorphous carbon films. It has been reported in the literature [41] [42] [43] [44] [45] [46] [47] [48] that amorphous DLC films are characterized by a broad single peak centered around 1550 cm -1 ͑G band͒ with a ''shoulder'' at around 1350 cm -1 ͑D band͒. The peak intensity ratio (I D /I G ) and peak position can be used to assess the DLC or amorphous carbon films. In a high quality DLC film ͑higher sp 3 content͒, the G peak tends to shift towards a lower wave number and the peak intensity ratio (I D /I G ) decreases. This result has also been verified using electron energy loss spectroscopy ͑EELS͒ analysis. 41 Figure 2 exhibits the Raman spectrum acquired from sample 1. It exhibits a broad peak at about 1550 cm -1 indicating that the surface carbon film is amorphous and have a DLC structure. The two samples were treated using the same C 2 H 2 PIII conditions, and so the top carbon films are expected to have the same DLC structure and film thickness. Figure 3 plots the friction coefficients as a function of the rotating cycles. The friction coefficient of the untreated sample reaches a relatively high value of 0.8 -1.0 quickly. The friction coefficients measured from the treated samples are expected to be lower than that from the untreated sample, and there should also be a difference in the friction coefficient in the different layers. However, the friction coefficient of the treated samples remains at a low value ͑0.1-0.3͒ throughout the test. No apparent variation in the friction coefficient of the different layers is observed during the wear test. It is perhaps because the friction coefficients of the carbon and titanium oxycarbide layers are both within 0.1-0.3 and the difference is not very large. Figure 4 indicates the wear track width of each sample after wear tested for 3000 cycles. It is observed that the treated samples have smaller track widths than the untreated sample, indicating unambiguously that the wear and frictional properties have been significantly improved after the Ti MePIII-D and C 2 H 2 PIII treatment. Based on the Auger data, the improvement is believed to be due to the formation of DLC and titanium oxycarbide thin film on the surface. In addition, sample 1 exhibits a larger track width than sample 2. The data imply that a higher sample bias in titanium MePIII-D yields better tribological properties because a higher target bias may result in a larger implantation depth and probably cause more effective atomic mixing. As a result, better wear resistance is observed for sample 2 and so the processing conditions for sample 2 are much better. However, from the Auger data, the surface DLC film is quite thin ͑only about 75 nm͒. In order to benefit more, the top carbon layer should be thicker. It can be accomplished by increasing the C 2 H 2 PIII time in the last processing step, which determines the top DLC film thickness and thus, the C 2 H 2 PIII time in the last processing cycle should be longer than that in the early cycles. The C 2 H 2 PIII time in the initial cycles should be chosen according to the target bias during Ti MePIII-D in order to obtain optimal atomic mixing. In this way, a surface DLC film with a different thickness can be synthesized by changing the C 2 H 2 PIII time in the last processing step and a titanium oxycarbide sublayer with a different thickness by varying the C 2 H 2 PIII ϩ titanium MePIII-D processing cycle times.
CONCLUSION
DLC and titanium oxycarbide films have been synthesized on AISI440 bearing steel samples using titanium MePIII-D and C 2 H 2 PIII. A well-mixed interfacial region formed by ion implantation and ion mixing appears to enhance the adhesion strength between the film and the substrate. Our experimental results show that different target bias during Ti MePIII-D ͑corresponding different titanium incident energy͒ may result in different titanium oxycarbide layers. A higher target bias during Ti MePIII-D leads to more effective atomic mixing and forms a titanium oxycarbide layer with uniform titanium, carbon, and oxygen concentration. Our results reveal significant improvement in wear and frictional properties of the processed AISI440 steel samples using this method which is potentially useful to improve the surface properties and lifetime of industrial ball bearings.
